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A chemical analysis scheme for determining the lithium nitride 
concentration of metallic lithium was developed and used to determine 
the nitrogen concentrations of titanium gettered and nitrogen saturated 
liquid lithium.
The weight loss and grain boundary penetration behavior of JQkh 
stainless steel in titanium gettered liquid lithium were investigated.
The weight loss and penetration followed a parabolic time dependence.
The activation energies for weight loss and penetration were found to 
be equal, suggesting that the same activated step controls both processes. 
The nitrogen concentration of the test lithium was found to Influence 
the pre-exponential frequency factor, and not the activation energy 
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Two major uses of liquid alkali metals will be as heat transfer 
media in nuclear reactors (1,2), and as electrodes in high energy bat­
teries of the future (3). The properties of alkali metals, and lithium 
in particular, make them more efficient than conventional materials in 
reactor and battery applications. 9
Desired properties for a high temprature nuclear reactor coolant 
include (4>):
(1) High thermal conductivity
(2) High heat capacity
(3) High boiling point
w Low melting point
(5) Low density
(6) Low viscosity
(7) Low vapor pressure
(8) Low neutron cross section
The properties listed above of several possible reactor coolants 
are shown in table I. Lithium has very good heat conducting and heat 
capacity qualities, making heat transfer efficient.
The extremely low density, and moderate viscosity would make the 
transfer of lithium in a coolant system very easy.
The high boiling point and low melting point gives lithium a 
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heat easily from a hot reactor core to a cold heat exchanger in a condensed 
phase. Thus, structural integrity would not be affected by high pressure 
operations (such as steam systems).
A low neutron absorption cross section (a measure of neutron scatter­
ing) is a desirable property for coolants. • Naturally ocurring lithium 
(92.5 % lithium-7» 7.5 % lithium-6) has a weighted cross section of 70 
barns. Lithium-7 can be isotopically separated from lithium-6, where 
lithium-7 has a cross section of .03 bams. Upon neutron capture, lithium-7 
becomes lithium-8, with a half life of .855 sec. The short half life would 
facilitate repair and inspection of the circulation loop without danger 
of large radiation leakage outside the reactor shielding.
In high-energy battery applications it is desirable to couple elect­
rodes that vary widely in electronegativity and position on the emf 
series (3» 8). Table II shows the electromotive series along with the 
electronegativities of several elements. Lithium has a very low electro­
negativity and a high oxidation potential. Lithium-sulfur and lithium- 
thionyl chloride batteries are being investigated (3, 8, 10), and it is 
reported that the lithium batteries deliver up to 7 times the power, and 
last up to 100 times longer than conventional lead-acid batteries.
Associated with high temperature liquid lithium applications is the 
problem of containing the active metal. Lithium is corrosive to nearly 
all common construction materials. As figure 1 shows, refractory metals 
have good resistance to lithium attack in static and dynamic testing 
conditions. Alloys based on refractory metals have also shown good resis­
tance to lithium corrosion. The use of refractories in large scale appli­
cations is, however, economically restrictive.
Impurities in alkali metals tend to increase the corrosiveness
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Table II. Oxidation Potentials and Electronegativities of Some 
Elements (7» 9)
Reaction EMF (V) Electronegativity (Pauling)
+ —Li = Li + e 3.04 .97
II + + (D 1 2.92 .91
Rb = Rb+ + e" 2.92 .89
Cs = Cs+ + e 2.92 .86
Na = Na+ + e 2.71o 1.01
Mg = Mg*n" + 2e" 2.38 1.23
Zn = Zn** + 2e .76 1.66
S = S + 2e .51 2.44
Fe = Fe+2 + 2e“ .41 1.64
iQ)+OII3o - .52 1.75
2C1~ = Cl2 + 2e“ -1.36 2.83































































to materials. It has been observed that the removal of impurities such 
as nitrogen, oxygen, and carbon, decreases both penetration and weight 
loss rates in many alloys. To decrease the corrosiveness of alkali 
metals, purification techniques such as cold trapping, vacuum distill­
ation, and gettering have been used.
Gold trapping involves the decrease in solubility of impurities 
when the temperature of the alkali metal is decreased. Figure 2 shows 
a circulation loop containing hot and cold zones. When the alkali metal 
is pumped through the cold zone, the solubility limit of the impurities 
in the alkali metal melt is surpassed, causing plating of the impurities 
onto the base metal. Impurities have been known to completely plug a 
pipe when hot and cold zones are present in a circulation loop.
Placing liquid alkali metals under a vacuum may drive impurities off 
by sublimation. Hoffman (il) found that vacuum distillation was ineffect­
ive in lowering the nitrogen and oxygen concentrations of lithium.
The most effective technique for alkali metal purification is by 
gettering (il). Gettering removes impurities by decomposing the alkali 
metal-impurity compound with a metal that has a lower free energy of 
formation with the impurity. For example, nitrogen is an impurity of 
lithium in the form of lithium nitride, Li^N. Figure 3 shows that titanium 
nitride has a lower free energy of formation than lithium nitride at all 
temperatures. When titanium metal is added to lithium containing lithium 
nitride, the following reaction takes place:
Ti + Li^N = TiN + 3Li (l)
It has been reported that purification of lithium by titanium gettering 
can reduce the nitrogen concentration of lithium to less than 10 ppm (11).
The purpose of this investigation was to determine the effects of
T-1772
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Figure 3» Standard free energies of formation of several nitrides (12, 13).
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the purification of liquid lithium by titanium gettering on the corrosion 
behavior of as-received stainless steel.
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LIQUID METAL CORROSION
The parameters studied in this investigation were the weight loss 
and grain boundary penetration of stainless steel in liquid lithium,
and the effects of the nitrogen concentration of the test liquid lithium 
on the observed behavior. A brief review of weight loss, grain boundary 
attack, and impurity effects will be given in this section.
Weight loss is a measure of the dissolution or degradation of a 
metal. Weight loss in alkali metal systems occurs by either simple 
solution of the base metal, or compound formation between the base metal 
and alkali metal. The solubilities of iron, chromium, and nickel, the 
major alloying elements of stainless steel, are shown in figure ^ as a 
function of temperature. The high solubility of nickel over iron can 
lead to selective leaching of nickel in austenitic stainless steels (15» 16,
Impurities in alkali metals tend to increase the solubility of 
containment metals. Figure 5 shows that increasing the nitrogen impurity 
concentration of lithium increases the solubility of titanium. The 
impurity level did not, however, alter the heat of solution, H. Figure 5 
suggests that the solubility of titanium can be expressed as:
It appears that increasing the impurity concentration increases the 
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Figure 4. The solubility of iron, chromium, and nickel as a function 
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Figure 5* The solubility of titanium in lithium as a function of 
temperature and nitrogen concentration (20).
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changing the chemical potential of lithium, and thus, the solubility of 
titanium, or (b) a chemical reaction with nitrogen forming the compound 
titanium nitride, TIN,
Weeks, et al.(21), reports that increasing the oxygen impurity concen­
tration of sodium increases the uniform corrosion rate of many alloys with­
out changing the corrosion mechanism (see figure 6). Figure 6 also shows 
that the impurity concentration affects the corrosion rate through a pre­
exponential frequency factor, and not through the activation energy.
Hoffman (4-) found that adding the impurity lithium nitride to lithium 
increased the weight loss of type 316 stainless steel at 871° C. It is 
postulated that the formation of a complex compound between the 
impurity, elements of the stainless steel, and lithium is responsible 
for the behavior.
Grain Boundary Penetration 
One of the most common forms of alkali metal attack on polycrystalline 
materials is intergranular penetration. Two possible driving forces for 
grain boundary attack are:
(1) The interfacial energy differences between the solid- 
liquid interface and the grain boundary interface causes 
the grain boundaries to be wetted by the alkali metal (2l)#
(2) The chemical potential gradient of the alkali metal 
from the surface into the grain boundary, causes dif­
fusion along the grain boundary (22, 23). This trans­
port may be through a corrosion product along the grain 
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Figure 6. The uniform corrosion rates of stainless steels in sodium 
as a function of temperature and oxygen concentration (21).
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In order for interfacial energy differences to be a driving force for 
intergranular penetration, it has been proposed from thermodynamic consider­
ations that twice the solid-liquid interfacial energy, must be less
than the grain boundary interfacial energy, (24, 25), as equation 3
shows.
2 ^sl <  &  <3)
Figure 7 shows the relationship of the interfacial energies around a 
grain boundary.
The wetting phenomenon suggests that no corrosion product needs to be 
present at the head of the advancing alkali metal. Wetting would also not 
require the observance of a delay time in the penetration of JO^L stainless 
teel grain boundaries (22, 26) due to the nucleation of a corrosion product.
Whitefield (27) performed grain boundary grooving of pure iron experi­
ments in nitrogen saturated liquid lithium. He determined that the activated 
process for mass transport of iron is the diffusion of lithium in the 
corrosion product at a grain boundary groove. For a grain boundary’ groove 
to be present in a system, the following equilibrium relation must hold:
.̂ gb - 2^sl C0S 6 W
where 0 is the angle between the grain boundary and the free surface of 
a metal (see figure 8).
For a grain boundary groove, equation 4 suggests that cos 0 must be 
less than one. This further suggests that the magnitude of 2 ) ^  is greater 
than /, , just opposite of the wetting phenomenon relationship of equa-gD
tion 3.
Figure 9 illustrates a grain boundary that has a corrosion product


















Figure 9» A corrosion product at a grain boundary with a 
chemical potential gradient.
Corrosion Product
2u t n zI? ft nil it m n \
Liquid Alkali Metal 
Boundary ( ^ ^ Z ^ r z z T Z Z Z Z Z IZ Z ^  




Figure 10. A grain boundary illustrating a corrosion product 
coating the grain surfaces.
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necessary chemical species to the active growing interface. If a specie 
must diffuse from the sample surface through the corrosion product, a 
parabolic time dependence for growth is predicted. The driving force for 
the diffusion is the chemical potential difference of the diffusing specie 
between the metal surface, yx 2» a^d the growing interface, (jl ̂ . The nuclea- 
tion of a corrosion product at the grain boundaries explains the observa­
tion of a delay time before penetration can proceed in JOkL stainless 
steel (22, 26).
It is found that the diffusivity is greater along the grain boundaries 
than through the lattice of materials (28). The diffusivity increases 
due to a more open structure at the grain boundaries, increasing the fre­
quency of atomic motion. Increasing the angular mismatch between lattice 
planes at the grain boundaries also tends to increase diffusivity (28).
It may be possible that both of the above mentioned processes are 
operating in a system. A thin coating of the corrosion product may form 
at the grain surfaces, with the remainder of the volume being occupied 
by the alkali metal (see figure 10). If a parabolic time dependence is 
observed for the penetration kinetics of the film formation, the diffusing 
specie controlling this process would have to be an element other than the 
liquid alkali metal. Such a case would be the diffusion of chromium in a 
stainless steel system from the crack tip to the surface of the metal 
through the liquid alkali metal.
It is not known how propagation of grain boundary penetration occurs. 
Investigators contend that it may be wedging by the corrosion products 
forcing grain boundaries open, or a simple dissolution or compound forma­
tion of alloy constituents (29, 30)•
Impurities tend to increase penetration by alkali metals. Popovich, et
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al. (31)» states that impurities are the most important factor in determin­
ing penetration.
Hoffman (4) also found that adding lithium nitride to a lithium-316 
stainless steel system increased penetration behavior at 871° C. Hoffman, 
et al. (19)» states also that the most harmful contaminant in lithium 
systems is lithium nitride.
Nitrogen, oxygen, and carbon are the most common impurities found in 
alkali metal-containment metal systems. Impurities play the greatest role 
in determining the chemical nature of the corrosion products (21, 32, 33»
3^, 35, 36, 37)• Since impurities are usually associated with corrosion 
products, they are likely to be involved with the corrosion processes.
Many corrosion products have been identified in sodium and potassium 
systems. Identified complex compounds include K^Nb^O^, K^NbO^, NaNbO^ (38), 
(Fe, Cr, Ni)23c6> (Fe> Cr> Ni)c3> Na(Fe, Cr, Ni)02 (35, 39), Na20-Fe0 (3*0, 
and Na20-Cr2CL (33)•
Complex corrosion products in lithium systems are not as widely known. 
The compound Li^C^ forms when iron carbides in iron are attacked by lithium 
(31, 37). The compound Li^N’CrN is thought to exist in stainless steel 
systems (32). Hoffman (4) postulates that the compound Li^N-FeN is present 
in stainless steel-lithium-nitrogen systems. Frankenburger, et al. (40), 
has verified the existance of Li^N*FeN, but it has not as yet been identi­
fied as a corrosion product in stainless steel grain boundaries. Other 
complex lithium-nitrogen-metal compounds that are known to exist include 
LiMgJJ, LiZnN (41), Li^AlN^, and Li^GaN^ (^2).
T-1772 20
Lithium Corrosion of Ferrous Alloys
Recent work concerning the grain boundary penetration kinetics of 
type 304L stainless steel in nitrogen saturated liquid lithium was con­
ducted by Patterson (22, +̂3) and Reeves (26). Both investigators found 
a parabolic time dependence of penetration over the temperature range of 
600° to 1000° C. Patterson (22) tested as-received 304L stainless steel 
that had an average grain diameter of .0449 mm. The lithium of Patterson (22) 
had an average nitrogen concentration of 1.5 wt. %, The activation energy 
plot of the penetration rate coefficients obtained by Patterson (22) is 
shown in figure ii. The change in temperature dependence is at approxi­
mately 800° C. Patterson (22) postulates a corrosion product of the 
Li^N-FeN type, and suggests that the stability of Li^N can be used as a 
qualitative measure of the phase stability of the corrosion product.
Figure 12, the phase equilibrium diagram of Li^N, shows the stability of 
Li^N approaches zero at 800° C. Since the stability of the corrosion com­
pound is decreasing, formation of the compound becomes increasingly dif­
ficult above 800° G. Patterson (22) concludes that below 800° C lithium or 
nitrogen diffuses through a corrosion product to form the product at the 
advancing interface. Above 800° C the structural nature of the corrosion 
product is changed, changing the diffusion characteristics through the 
grain boundaries.
Reeves (26) investigated the penetration kinetics of nitrided 304L 
stainless steel in nitrogen saturated (1.5 wt. % nitrogen) liquid lithium.
The temperature dependence of the penetration rate coefficients of nitrided 
304L stainless steel is compared with the results of Patterson (22) on fig­
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Figure 11. An Arrhenius plot showing the penetration rate coefficients 
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Figure 12. The lithium nitride portion of the lithium-nitrogen 
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Figure 13. An Arrhenius plot of the penetration rate coefficients of 
Reeves (26) compared with the results obtained by Patterson (22).
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grain boundary penetration is not a function of the nitrogen concentration 
of the stainless steel. The nitrogen concentration was found to influence 
the pre-exponential frequency factor of the penetration rate equation.
Reeves (26) determined that the diffusing specie which controls grain 
boundary penetration below and above 800° C is the grain boundary diffusion 
of lithium.
A comparison of the penetration behavior of nitrided and as-received 
304L stainless steel is shown in figure 14. An increase in penetration is 
observed for the nitrided case. Figure 14 shows also that a delay time 
is present before penetration proceeds. Patterson (22) attributes the 
delay time as the nucleation of a corrosion product. The delay time when 
plotted against test temperature gives the C-shaped curve of figure 15.
The shape of the curve above 800° C supports the contention of Patterson (22) 
that the corrosion product becomes less stable above 800° C. Reeves (26) 
found the same type of delay time behavior for the nitrided 304L stainless 
steel.
Reeves (26), assuming a chemical potential difference as the driving 
force for grain boundary penetration, derived an equation for the rate of 
penetration relating the interfacial concentrations of chemical species.
The assumed penetration zone, chemical potential profile, and concentration 
profile are shown in figure 16. The following assumptions of the system 
were made:
(1) and are the respective diffusivities of lithium 
in region 1 and region 2.
(2) The conditions of local equilibrium are satisfied at all 
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Figure 1^. A comparison of the depth of penetration of as-received 
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Figure 16. The penetrated zone, chemical potential profile, and 
concentration profile as assumed by Reeves (26).
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of lithium are Cs, C^, and C^.
(3) The reaction interface has the coordinate X
The penetration rate coefficient, K, derived by Reeves (26) is:
K = K1exp(-Q1/RT) (5)
where
(6)
This expression is consistent with the results of figure 13, which 
indicate that the rate of penetration changes without changing the mechanism 
of penetration. The increase in rate occurs either through the pre-
which can be influenced by the nitrogen concentration of the lithium.
grain boundaries, the diffusion process through this corrosion product 
is a complex, coupled diffusion mechanism. Since the corrosion product 
is most likely to be either covalent cr ionic in nature, ions, and not 
atoms, will be transported. Considerations of the conservation of charge, 
and electrical gradients promote interdependence of diffusing species.
An example of a coupled diffusion coefficient for mass transport in a
compound of type A B is (^5)13l> D
exponential diffusivity, Dq, or through the interfacial concentrations
It is expected that if a corrosion product does exist along the
Dc aDg + bD^ (7)
where is the coupled diffusion coefficient, and and are the 
diffusion coefficients for species A and B respectively.
It can be seen from equation (7) that if << D^, then:
T-1772 29
(8)
This illustrates that the coupled diffusivity, and thus the activation 
energy will he related to the slowest diffusing specie and not to the 
specie with the greatest chemical potential gradient.
Stressing a material also has an effect in the penetration behavior. 
Jordan (^6) found that stressing pure iron increases penetration rates. 
The following relation was found for stress enhanced penetration rates
K = c exp( -Q/RT) (9)
where stress was found not to change the mechanism hut did strongly 
effect the pre-exponential frequency factor as did the variation in nitrogen 




Lithium of .999 purity was used in the corrosion studies of this 
investigation. The .635 cm. diameter lithium rods, 30 cm. long, were 
purchased from Research Organic-Inorganic Chemical Corporation. The 
lithium rods were shipped under mineral oil in stainless steel containers. 
The lithium received was covered with a black scale, assumed to be 
lithium nitride.
Test specimens were made from a 3$+L stainless steel sheet with the 
chemical composition shown in table III. The sheet was rolled to a thick­
ness of .0889 cm., then specimens were sheared to the final lengths and 
widths. A typical specimen had dimensions of 1.27 cm. by «^35 cm. by 
.0889 cm., and weighed approximately .5 gm.
The previous work of Patterson (22) was used as a comparison for the 
results obtained in this investigation. It was therefore important 
to have a specimen grain size similar to that of Patterson (22). A grain 
growth curve was constructed for the samples at a 1000° C annealing 
temperature. Figure 17 shows that 180 min, was required to obtain the 
.0^49 grain size of Patterson (22). All samples were annealed at 
1000° C for 180 min., with the resulting microstructure shown in figure 
18. The annealed samples had an actual average grain diameter of .(45*+ n®.
Apparatus
All corrosion experiments were conducted within a stainless steel
T-1772 31
Table III. Chemical Composition of the 304L 
Stainless Steel Tested
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Figure 18. The microstructure of the JOkL 
stainless steel tested in this investigation. 
X 200
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glove box. Argon gas of .9998 purity was used as the inert atmosphere 
of the box. Tests were conducted in the box due to the high reactivity 
of lithium to atmospheric oxygen and nitrogen. The atmosphere in the 
box was maintained at a positive pressure differential of 1 cm. of 
water above atmospheric pressure. The positive pressure differential 
insured that any leaks in the box would result in gas outflow rather than 
oxygen or nitrogen inflow to the box. Before entering the box, the 
argon was bubbled through a eutectic sodium-potassium mixture to getter 
out any oxygen that may have been in the gas. A low oxygen level was 
maintained by stirring a dish of the liquid sodium-potassium alloy open 
to the glove box atmosphere
A schematic of the crucible and furnace arrangement is shown in 
figure 19. To minimize bimetal effects between the crucible and test 
specimens, the crucible was constructed from stainless steel. Up
to 18 samples were suspended into the lithium with pure iron wire. Bimetal 
effects were considered negligible since no preferential plating or re­
moval of material was observed.
The lithium and specimens were held in approximately the center 
of the hot zone of the furnace to minimize thermal gradients. The 
furnace temperature was held constant with a Marshall model 4C&4 
proportional controller which provided a + 2° C temperature control 
of the furnace. The sensing thermocouple was attached to the exterior 
of the crucible. Test temperatures were continuously monitored by 
a Foxboro model 9330W-73C recorder, to observe whether a test temperature 
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Parameters determined in this investigation were grain boundary 
penetration of 30^L stainless steel, weight loss of stainless steel,
and the nitrogen impurity content of titanium gettered and nitrogen 
saturated lithium. The test matrix used is shown in table IV.
All samples were polished on #i silicon carbide paper to remove 
any oxide coating that may have developed during annealing. The specimens 
were ultrasonically cleaned in water, then weighed to + .1 milligram.
The dimensions of the specimens were then measured to + .0003 cm.
Testing was initiated by charging the crucible with 20 gm. of 
•999 pure, 320 mesh titanium powder. About 20 gm. of lithium was then 
added to the crucible. The lithium rods were wiped clean to remove 
any surface compounds and mineral oil before being placed in the crucible. 
The crucible was heated to test temperature and allowed to stabilize 
for 6 hours, in order for solubility equilibrium of containment metal 
elements to be reached (1^). Test samples were then placed in the 
crucible, being submerged into the lithium. Sets of at least 2 samples 
were removed from the test apparatus periodically during the test.
The samples were removed from the glove box, submerged in water to 
remove any adhering lithium, and cleaned ultrasonically in water.
Following a final weighing, samples were sandwiched between 2 pro­
tective metal strips and mounted in Bakelite for metallographic penetra­
tion determinations.
Metallographic specimens were polished through a .05 micron 
alumina wheel and etched in a ferric chloride solution (5 gm. FeCl^,
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etch for 15 seconds to reveal only penetration). Patterson (22) and 
Reeves (26) have shown that the same penetration behavior is revealed 
by several different etchants. Depth of penetration was measured from 
the edge of each sample, with an average of 10 determinations for each 
specimen.
Chemical analysis (^7) was performed on the titanium gettered 
lithium at each test temperature. Samples were taken with a 30^L stain­
less steel spoon to prevent contamination of the lithium, with two 
determinations at each temperaturei Nitrogen analysis was also per­
formed on lithium that had a lithium nitride scale present in order to 
determine the solubility of nitrogen in a stainless steel system.
A detailed description of the method of analysis is given in Appendix I.
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RESULTS AND DISCUSSION
Many investigations have been undertaken to determine the various 
aspects of liquid metal corrosion of containment metals (i, 2, 26, 27, 43, 
46, 48, 49). Impurity effects have played an increasingly important 
role in determining the nature of alkali metal attack on containment 
metals (10, 18, 20, 50» 51). The goal of this investigation was to 
determine the processes and relationships that the nitrogen impurity of 
liquid lithium had on the weight loss and grain boundary penetration 
kinetics of 304L stainless steel.
Nitrogen Impurity Content of the Test Liquid Lithium
Nitrogen concentrations as a function of temperature were determined 
for titanium gettered and nitrogen saturated liquid lithium. The lithium 
was contained in a 304L stainless steel crucible, and sampled with a 304L 
stainless steel spoon. The nitrogen saturated liquid lithium was known 
to have a lithium nitride scale present below 800° C.
Above 815° G lithium nitride decomposes into free nitrogen (44):
Li^N = 3Li + N (above 815° C) (10)
When liquid lithium was sampled above 815° C, it was assumed that upon 
cooling the liquid sample, that all the free nitrogen present formed 
lithium nitride. It is the lithium nitride that is analytically 
determined by the procedure outlined in Appendix I (47).
The reaction of titanium on the removal of nitrogen from liquid 
lithium below 815° C is:
Ti + Li^N = 3Li + TiN (11)
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The equilibrium constant for equation 11 is*
, 0 O s M  M 3 , xK (<815° C) = -----------  (12)
[Ti] [L13N]
Above 815° G titanium combines with free nitrogen as follows:
Ti + N = TiN (13)
The equilibrium constant for equation 13 is:
[TiN]
K (>815° G) = —  (14)
e(l [Ti] [n]
As equations 12 and 14 show, different conditions are established 
for the equilibrium nitrogen concentration of the liquid lithium above 
and below 815° C. Figure 20 shows the experimentally determined nitrogen 
concentrations of the titanium gettered liquid lithium as a function of 
temperature. The ends of the range bars indicate the two experimentally 
determined values at each temperature. The actual experimental data for 
all nitrogen determinations along with the variance between values is 
given in Appendix I.
The sudden drop in the nitrogen concentration of the titanium gettered 
liquid lithium above 800° C is possibly related to the dissociation of 
lithium nitride at 815° C. The dissociation would change the titanium- 
nitrogen-lithium equilibrium conditions of equation 11 to those of equat­
ion 13.
The results of the solubility determination of lithium nitride in 
nitrogen saturated liquid lithium contained in a 304L stainless steel 
crucible is shown in figure 21. The ends of the range bars indicate the 
range of experimentally determined values at each temperature. The level­
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Figure 20. The nitrogen concentration of the titanium gettered test 
liquid lithium used in the corrosion studies of this investigation. 
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Figure 21. The solubility of lithium nitride in liquid lithium contained 
in a 30^^ stainless steel crucible.
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to the formation of chromium nitrides. It can be seen from figure 3 that 
chromium nitrides are thermodynamically more stable than lithium nitride 
above 750° C, suggesting that chromium from the stainless steel system 
becomes an increasingly active nitrogen getter at higher temperatures.
It can be seen by comparing figures 20 and 21 that gettering reduces the 
nitrogen concentration of liquid lithium by an order of magnitude below 
that of nitrogen saturated liquid lithium.
Since the nitrogen concentrations shown in figure 20 and above 800° G
in figure 21 follow the normal solubility equation of the form
[n] = z exp(-H/RT) (15)
a plot of ln[N] vs. i/T for the nitrogen concentrations shown in figures 20 
and 21 gives a value for the heat of solution, H, of nitrogen in lithium.
The nitrogen concentration, [n] , is in wt. %, and z is a constant. The 
resulting plot is shown in figure 22, with the heat of solution of nitrogen 
in liquid lithium found to be 12,000 cal./mole.
The titanium powder used as the nitrogen getter was recovered after
all gettered tests were performed. X-ray diffraction analysis (Appendix II) 
revealed that both titanium and titanium nitride were present in the 
recovered getter. The x-ray diffraction results confirmed that titanium 
effectively reacted with lithium nitride and nitrogen to form titanium 
nitride.
With the differences in the nitrogen solubilities between the titanium 
gettered and nitrogen saturated liquid lithium, the necessary concentration 
variations were achieved to allow the determination of the grain boundary 
penetration and weight loss behavior of JOkL stainless steel as a function 
of nitrogen concentration and temperature.
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The results of the penetration kinetics of stainless steel in
titanium gettered liquid lithium at 800° G obtained in this investigation 
is compared with the titanium gettered test of Patterson (22) for 800° C 
in figure 23. As figure 23 shows, nearly identical results were obtained 
by both investigators, suggesting that similar testing conditions were 
present in both systems.
The depth of penetration as a function of time for temperatures between 
600° and 9^0° C of JOkh stainless steel in titanium gettered liquid lithium 
are shown in figures 2^ and 25. A comparison of the penetration behavior 
of 3C&L stainless steel held in titanium gettered liquid lithium and nitrogen 
saturated liquid lithium is shown in figure 26. Figure 26 shows that 
increasing the nitrogen concentration of the liquid lithium increases the 
rate of penetration of JOkL stainless steel. Figure 27 shows comparison 
mocrographs of specimens tested in titanium gettered and nitrogen saturated 
liquid lithium at 800° G.
A parabolic time dependence of the depth of penetration, X, was 
observed:
X = (Kt)^ (16)
where K is the penetration rate coefficient, and t is the time. The experi­
mental penetration rate coefficients obtained for the temperature range 
investigated is shown in table V. An Arrhenius plot of the penetration 
rate coefficients obtained in this investigation are compared with the 
penetration rate coefficients of Patterson (22) for as-received JOkL 
stainless steel in nitrogen saturated liquid lithium in figure 28. A com­
parison of the activation energies for penetration under various nitrogen 
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Figure 23• A comparison of the penetration behavior 
of 30̂ L stainless steel in titanium gettered liquid 
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Figure 2k, The time dependence of penetration of 30^L stainless steel in 
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Figure 25. The time dependence of penetration of 304L stainless steel in 
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Figure 26. A comparison of the penetration behavior 
of 304L stainless steel in lithium containing i.50 and 
.46 wt. % nitrogen at 800° C.
Figure 27. Comparison micrographs of 30^L stainless steel 
specimens tested in nitrogen saturated (above, 36 hrs.), and 
titanium gettered (below, ^9 hrs.) liquid lithium at 800° C. 
X 200
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Table V. The Experimental Penetration Rate Coefficients 
Obtained In This Investigation





600 873 .0011^5 .0000^0
650 923 .001083 .0001C&
727 1000 .001000 .000131
800 1073 .000923 .000370
850 1123 .000890 .000097
900 1173 .000852 .000139
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Figure 28. An Arrhenius plot comparing the penetration rate coefficients 
for grain boundary penetration of JO^L stainless steel under various test 
conditions.
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Table VI. Activation Energies For Penetration Under 
Various Testing Conditions (22, 26)
Test Condition
Activation Energy















17 Kcal/mole 17 Kcal/mole
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for the penetration rate coefficients for titanium gettered liquid lithium 
at all test temperatures is found to be the same activation energy that 
Patterson (22) found at temperatures above 800° C. It appears that the 
same mechanism operating for the test conditions of Patterson (22) above 
800° G is operating in the titanium gettered system at all temperatures.
The discontinuity found in the activation energy plot of the penetra­
tion rate coefficients for the titanium gettered liquid lithium test condi­
tions occurs at the same temperature of the discontinuity of the nitrogen 
concentration of the test liquid lithium (see figure 20). The close 
correlation between the discontinuity in the penetration rate coefficients 
above 800° G and the drop in the nitrogen concentration of the test lithium 
at 800° C suggests that nitrogen plays an important role in determining 
the grain boundary penetration behavior of 30^L stainless steel by liquid 
lithium.
The nitrogen concentration of the titanium gettered liquid lithium 
at all test temperatures, and the nitrogen saturated liquid lithium above 
800° C had a temperature dependence (see figures 20 and 21), This tempera­
ture dependence will affect the activation energy for penetration obtained 
from the Arrhenius plot of figure 28. Realizing that the penetration rate 
coefficients are affected by both nitrogen concentrations of the liquid 
lithium and temperature, an attempt was made to relate both of these 
quantities to a penetration rate coefficient equation. The results of 
the analysis is given in Appendix III. The analysis is not presented here 
due to the limited amount of data available for the analysis. The results 
seem to indicate an activation energy of 19,000 cal./mole for grain 
boundary penetration of 304L stainless steel by liquid lithium. The nitrogen 
concentrations of the liquid lithium influenced the pre-exponential frequency
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factor of the penetration rate coefficient equation, as was found for 
the weight loss rate coefficient equation given in the next section.
Further work is needed for a more complete analysis of the nitrogen concen­
tration and temperature dependence of the penetration rate coefficients.
It is, however, interesting to note that the form of the penetration rate 
coefficient equation obtained with the limited data (see equation 32 in 
Appendix III) is very similar to the weight loss rate coefficient equations 
derived in the following section (see equations 2k and 25). With the 
dissociation of lithium nitride at .815° C and the resulting change in the 
lithium-nitrogen-titanium equilibrium, it is expected that there would be 
a change in the chemical potentials (concentrations) along the grain 
boundaries altering the frequency factor of the penetration rate coefficient 
equation, and thus, changing the penetration rate coefficients above 815° C.
If a corrosion product is present in the penetrated grain boundaries, 
it is most likely covalent or ionic in nature. The resulting mass transport 
process controlling the penetration behavior is likely to be a complex 
coupled diffusion process. That is, for a covalent or ionic corrosion 
compound, the diffusing species are ionic and must satisfy both chemical 
and electrical potential gradients. For such coupled diffusion processes 
it is difficult to determine the controlling activated step. It is expected 
that a corrosion product of some form is present in the 30^L stainless 
steel grain boundaries due to the observance of a delay time before penetra­
tion proceeds (22, 26). The delay time is attributed to the nucleation of 
a corrosion product.
Weight Loss
The weight loss per unit surface area kinetics for 30kL stainless
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steel in titanium gettered liquid lithium are shown in figures 29 and 30*
A comparison of the weight loss behavior of JQ&L stainless steel in titanium 
gettered and nitrogen saturated liquid lithium at 800° G is shown in 
figure 3i. Figure 31 shows that increasing the nitrogen concentration 
of the liquid lithium increases the weight loss rate. Patterson (22) 
attributes the sudden increase of the weight loss in nitrogen saturated 
liquid lithium to a non-uniform corrosion process. This non-uniform process 
degredates the specimen to such a degree that the grains at the surface of 
the specimen are dislodged from their positions. It is expected that 
the duplex weight loss behavior would be observed in titanium gettered 
liquid lithium at much longer times. Figure 32 shows the surface morphology 
of a 30^L stainless steel specimen held in titanium gettered liquid lithium 
at 7270 G for ^00 hrs. Figure 32 shows the surface deterioration of 30^L 
stainless steel by liquid lithium. The duplex weight loss behavior has 
been observed by optical microscopy (26).
A parabolic time dependence for weight loss, W t was found:
¥ = (Ct)^ (17).
where C is the weight loss rate coefficient. Table VII lists the experimental 
weight loss rate coefficients obtained in this investigation. The dis­
continuity in the weight loss rate coefficients (see table VII) for titanium 
gettered liquid lithium occurs at the same temperature as the discontinuity 
in the penetration rate coefficients for titanium gettered liquid lithium 
(see table V). The temperature of the discontinuity also coincides with 
the temperature at which the nitrogen concentration of the test liquid 
lithium drops (see figure 20), suggesting that nitrogen plays an important 
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Figure 29. The weight loss behavior of 3O^L stainless steel in titanium 


















Figure 2>0. The weight loss behavior of JOh’L stainless steel in titanium 
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Figure 31. A comparison of the weight loss behavior of 30^L 
stainless steel in liquid lithium containing 1.50 and A 6  wt, % 
nitrogen at 800° C.
Figure 32. A micrograph of the surface of a 
304L stainless steel specimen held in liquid 
lithium containing .28 wt. % nitrogen at 727° C 
for 400 hrs. X 400
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Table VII. The Experimental Weight Loss Rate Coefficients 
Obtained In This Investigation





600 873 .0011^5 .000012
650 923 .001083 .000039
727 1000 .001000 .000256
800 1073 .000923 .000925
850 1123 .000890 .000557
900 1173 .000852 .001190
960 1233 .000811 .003600
C ; - ' .
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An Arrhenius plot of the experimental weight loss rate coefficients 
at temperatures of equal nitrogen concentrations of the test liquid lithium 
is shown in figure 33. If the weight loss rate coefficient, C, can be 
expressed by an Arrhenius-type equation as follows:
G = Cq exp(-Q/RT) (18)
then figure 33 suggests that the weight loss rate coefficient is influenced 
by the nitrogen concentration of the liquid lithium through the pre­
exponential frequency term, and not through the activation energy. The
activation energy, Q, was found to be 17,000 cal./mole.
Since Cq is a function of the nitrogen concentration of the liquid
lithium, it can be expressed as follows:
co = A [n] a (19)
where A and a are constants, and the nitrogen concentration is in wt. %,
The weight loss rate coefficient of equation 18 can now be expressed as 
follows:
C = A [N]a exp(-17> 000/RT) <20)
Talking the natural log of the weight loss rate coefficient gives:
ln(c) = ln(A) + a ln[N] - 17,000/RT (21)
Plotting ln(c) vs. ln[N] at constant temperature, as shown in figure 3^» 
gives a value for the constaint, a. Taking 2.5 as the average slope, a, 
from figure 3^» equation 21 becomes:
ln(C) = ln(A) + 2.5 ln[N] - 17,000/RT (22)
or
C = A [N]2’-5 exp(-17,000/RT) (23)
Substituting observed weight loss rate coefficients, nitrogen concen­
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Figure 33. An Arrhenius plot comparing the weight loss rate coefficients 
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Figure 34. A plot of ln(weight loss rate coefficient) vs. ln[N] to 
obtain the exponent, a, of equation 20.
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coefficient, A, were determined. The equations for the weight loss rate
coefficients "become:
C = 19.2 [N]2,5 exp(-17,OOO/RT) (24)
(for the gettered and nitrogen 
saturated liquid lithium in the 
600° to 800° C temperature range)
and
C = 29.6 [N]2•5 exp(-17,000/RT) (25)
(for the gettered liquid lithium 
in the 850° to 960° C temperature 
range)
Weight loss rate coefficients were calculated from equations 24 and 25 
at all experimentally determined nitrogen concentrations and temperatures 
to test the equations. The results of the determination are shown in 
table VIII, The calculated and experimentally observed weight loss rate 
coefficients are found to be in excellent agreement in the temperature 
range and nitrogen impurity level of the liquid lithium.
The activation energy for weight loss, 17»000 cal./mole, is found to 
be similar to the activation energy for grain boundary penetration,
19,000 cal./mole. This suggests that the same activated step is controlling 
in both weight loss and grain boundary penetration. If both of these 
corrosion behaviors, weight loss and penetration, are controlling the same 
activated step, this would suggest that the surface of the stainless
steel has a corrosion product film, similar to the corrosion product 
at the grain boundaries. If a corrosion product film is present at the 
surface, diffusing species must cross the film in order for uniform corrosion 
to occur. Figures 35 an(i 36 illustrate possible environmental situations 
which are consistent with this concept.
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Table VIII. Experimentally Observed And Calculated 





2 4Corrosion Rate (gm./dm.-hr.)
Calculated Experimental
600 2.91 X 10_3 3.20 X i c f 3
N Saturated 
Lithium 727 > 1.01 X io~2 9.00 X 10~3
800 1.80 X 10-2 1.80 X 10”2
600 1.27 X 10~3 1.22 X ID-3
650 4.12 X 10_3 3.90 X 1<T3
















900 1.08 X IQ"3 1.19 X 10’3







/  /> 7  ?  7> S  'S ~ ,







Figure 3 5* An illustration of a corrosion product present 
at a grain boundary and surface of a metal«, Mass transport & 
is from the liquid alkali metal through the corrosion product 




Z 2 2 2 Z 2 ^ SGrain
Boundary
Metal Surface
Figure J>6. An illustration of a corrosion product 
coating the surface and the grain boundaries of a 
metal. Mass transport is from the the base metal 
through the corrosion product into the liquid alkali 
metal.
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A similar mass transport phenomenon through a corrosion product 
film was found by Whitefield (27) for the grain boundary grooving of 
pure iron. Whitefield (27) found that the activation energy for the 
grain boundary grooving kinetics of pure iron was the same activation 
energy that Patterson (22) and Reeves (26) found for the penetration 
kinetics of stainless steel below 800° C in liquid lithium. The grain
boundary gropving behavior was explained by Whitefield (27) as the trans­
port of iron ions through a lithium-iron-nitrogen corrosion product film 
from the root of the groove.
In summary, grain boundary penetration and weight loss of as-received 
3C&L stainless steel was determined for titanium gettered liquid lithium 
^eld in a static, isothermal environment. Lithium used in a practical 
application, such as a nuclear reactor coolant, would be subjected to 
thermal gradients, velocity effects, dissimilar metal effects, and would 
be in contact with materials under stress. The present research did not 
investigate the conditions just mentioned. The results cited in this 
section are, however, intended to be a control and comparison for future 
work conducted to study the effects of liquid lithium corrosion of 
materials under more practical service conditions.
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CONCLUSIONS
The significant results stemming from this research project are:
(1) Gettering liquid lithium contained in a 30^L stainless steel crucible 
with titanium metal reduces the nitrogen concentration of the liquid 
lithium by an order of magnitude below that of nitrogen saturated 
liquid lithium.
(2) Decreasing the nitrogen content of the liquid lithium reduced both 
weight loss and grain boundary penetration of 30^L stainless steel 
held in the lithium.
(3) Weight loss and penetration rate coefficients were found to be influ­
enced by the nitrogen concentration of the test liquid lithium.
The influence was felt in the pre-exponential frequency factor of 
the rate coefficient equations.
(4) The activation energies for weight loss and penetration were found
to be the same, suggesting that similar activated steps were controlling 
both processes.
(5) Discontinuities in the temperature dependence of the weight loss and 
penetration rate coefficients were found to occur at the same temper­
ature as the drop in the nitrogen concentration of the test liquid 
lithium.
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SUGGESTIONS FOR FURTHER RESEARCH
The results of this investigation can be extended in many directions. 
Among the more interesting topics are the following:
(1) A study of the effects of oxygen in lithium on the corrosion behavior 
of JOkL stainless steel.
(2) An investigation to isolate, identify, and determine the physical
a
properties of the corrosion product,
(3) An in-depth determination of the grain boundary penetration mechanism 
of ferrous alloys by liquid lithium.
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APPENDIX I
Procedure for the Determination of 
Nitride Nitrogen in Liquid Lithium
Nitrogen is an impurity of lithium in the form of lithium nitride, 
Li^N. It has "been found in this and other investigations (4, 22) that 
the presence and quantities of the nitride in liquid lithium affects the 
weight loss and grain "boundary penetration rates of stainless steels. 
Hoffman, et al. (19)» found that lithium nitride is the major contaminant in 
lithium systems. Monitoring the nitrogen concentration of lithium is 
essential in the interpretation of results obtained in a liquid lithium 
corrosion study.
Ward, et al. (52), determined trace sodium nitride quantities using 
a modified Kjeldahl distillation and titrimetric technique. The same 
procedure, modified for lithium, was used to determine lithium nitride 
quantities of lithium metal used in the corrosion studies of this invest­
igation.
Chemical Processes
Lithium dissolves readily in water, forming hydrogen gas and lithium 
hydroxide. Lithium nitride reacts with water to produce ammonia gas and 
lithium hydroxide. The ammonia produced is a quantitative measure of the 
lithium nitride in lithium (53)• A dilute boric acid solution containing 
a color indicator absorbs the ammonia. Standard hydrochloric acid is used 
to titrate the boric acid to the neutral endpoint. The amount of lithium
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nitride in the lithium sample is back calculated from the quantity if amm­
onia absorbed by the boric acid. The reactions for the above processes 
are:
1) 2Li + 2H20 = 2LiOH + H2
(Dissolving)
Li^N + 3H20 = 3LiOH + NH^
2) NH^ + H^BO^ = NH^ + H2B0" (Absorption)
3) H2B0” + H+ = H^BO^ (Titration)
Procedure
Because of the high reactivity of lithium with nitrogen (5^)» lithium 
must be protected from atmospheric nitrogen during handling. The lithium 
studied in this investigation was sampled and tested in glove boxes with 
an argon cover gas of .9998 purity.
Liquid lithium was sampled at various temperatures from a 30^L stain­
less steel crucible using a JOkL stainless steel sampling spoon. The sam­
ples, weighing approximately .03 gm., were placed in a screw cap bottle, 
removed from the glove box, weighed by weight difference of the bottle, 
and taken into another glove box containing the apparatus illustrated 
in figure 37. A 125-ml. flask containing 1 ml. of saturated boric acid 
solution, 3 drops of mixed color indicator (made according to Ward, et 
al. (52)), and 30 ^1. of distilled water was placed under the condenser 
so that the tip of the condenser was covered by solution. The lithium 
sample was dropped into a dry 500-ml. three-necked flask, and the flask 
stoppered. Approximately 80 ml. of distilled water was added to the flask 
through a dropping funnel, dissolving the lithium sample in about 30 sec. 














Figure 37* A schematic diagram of the apparatus used in the determination 
of lithium nitride in lithium.
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receiving flask was 80 ml. The distillate was titrated with .00^29 N 
hydrochloric acid to the neutral grey endpoint.
Results
In order to determine the recovery of ammonia produced in the process, 
standard samples of ammonium chloride were dissociated to ammonia with 
potassium hydroxide, distilled, and titrated according to the described 
procedure. The results of the determination are shown in table IX.
The maximum experimental errors listed are the errors in the weights of 
the standard ammonium chloride samples. As table IX shows, recoveries 
of ammonia are within experimental error, adding confidence to the apparatus 
and technique used as being a quantitative measure of the ammonia distilled 
and titrated according to the described procedure.
The experimental data obtained for the nitrogen concentration of 
titanium gettered and nitrogen saturated liquid lithium is shown in 
table X, along with the variance between nitrogen concentrations at each 
test temperature. The experimental data shown in table X is plotted 
in figures 20 and 21.
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.0027 .0027 400.0 3.7
.0030 .0030 100.0 3.3
.0022 .0021 95.6 h.5
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Table X. Nitrogen Concentrations of Lithium Tested 







600 .140.190 .165 .0012
650 .182.217 .200 .0006




.58 9 .559 .0018
850 .246.321 .283 .0003
900 .238.302 .280 .0010

















800 1.441.57 1.50 .0085
900 1.101.24 1.17 .0098
1000 1.611.84 1.72 .0264
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APPENDIX II
X-Ray Data of Titanium Getter Material 
The following interplanar spacings of the titanium getter after 
exposure to lithium were obtained, from a Debye-Scherrer photographs
Line 0 (deg.) d (1) Intensity
1 18.^5 2.43 v . strong
2 19.97 2.26 strong
3 21.37 2.11 v. strong
k 26.16 1.75 weak
5 31.00 1.50 strong
6 37.18 1.27 strong
7 39.10 1.22 medium
8 ^6.70 1.06 weak
9 52.^5 .97 weak
10 .95 medium
11 62.91 .87 strong
12 63.20 .86 weak
13 70.70 .82 weak
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The data on the previous page are attributable to titanium and 
titanium nitride, Lattice spacings for titanium and titanium nitride 
are given below (55)»
Ti TiN
d a) i/i1 d a) I/Il
2.557 30 2.44 77
2.342 26 2.12 100
2.244 100 1.496 56
1.726 19 1.277 26
1.475 17 1.223 16
1.332 16 1.059 7
1.276 2 .972 11
1.247 16 .948 22













Attempt to Fit Penetration Rate 
Coefficient Data to a Rate Equation
With the limited data available, an attempt was made to mathematically, 
describe the penetration rate coefficients obtained in this and other 
investigations (22). The Arrhenius plot of figure 28 shows an apparent 
activation energy for grain boundary penetration of 17,000 cal./mole. 
Realizing that the penetration rate coefficients are affected by the 
nitrogen concentrations of the liquid lithium, the activation energy of 
17»000 cal./mole implicitly contains the temperature dependence of the 
nitrogen concentration of the liquid lithium. An attempt was made here to 
separate the temperature dependence of the nitrogen concentration of the 
liquid lithium from the activation energy term for the grain boundary 
penetration mechanism.
If the penetration rate coefficient can be expressed by an Arrhenius- 
type equation such ass
K = Kq exp(-Q/RT) (26)
the temperature dependence of the nitrogen concentration of the liquid 
lithium would be contained in the pre-exponential frequency factor, Kq, 
and Q would be the activation energy for penetration.
Since Kq is a function of the nitrogen concentration of the liquid 
lithium, it can be expressed as:
K = B [N]13 (27)o
where B and b are constants, and the nitrogen concentration is in wt. %,
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The penetration rate coefficient of equation 26 can now be expressed
as i
K = B [N]b exp(-Q/RT) (28)
Taking the natural log of the penetration rate coefficient gives: 
ln(K) = ln(B) + b ln[N] - Q/RT (29)
Plotting ln(K) vs. ln[N] at a constant temperature of 900° C 
for which penetration rate coefficients and nitrogen concentrations are 
available, allows the determination of the constant, b, of equation 28, 
as shown in figure 38. The slope, b, is found to be 2.5. A determination 
of ln(K) vs. ln[N] slopes at temperatures less than 800° G revealed that 
slopes varied widely. The following analysis will be given for temperatures 
of 800° C and above.
Equation 28 now becomes:
K = B [N]2,5 exp(-Q/RT) (30)
2 *5Plotting ln(K/[N] ’̂ ) vs. i/T for the nitrogen concentrations and 
penetration rate coefficients for the titanium gettered test condition 
at 800° and 900° C in figure 39> & value of 19»000 cal./mole for the 
activation energy, Q, is obtained. The penetration rate coefficient 
equation now becomes:
K = B [N]2 *-5 exp( -1910OO/RT) (31)
Substituting experimental penetration rate coefficients, nitrogen 
concentrations, and temperatures, an average value for the constant, B, 
of 10.3 was obtained. The final form of the penetration rate coefficient 
equation is now:
K = 10.3 W 2,5 exp(-19,000/RT) (32)
Penetration rate coefficients were calculated from equation 32 to 
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Figure 39. 'A plot to determine the activation energy for 
grain boundary penetration.
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The results are shown in table XI. The agreement between the calculated 
and experimentally observed penetration rate coefficients is reasonable 
at temperatures above 800° C. Further work is needed to mathematically 
model the observed penetration rate coefficients at lower temperatures. 
Experiments are currently underway to obtain data for the derivation of 
a more exact equation for the penetration behavior (56).
As equation 32 shows, using the limited data available, that the 
nitrogen impurity concentration of the liquid lithium affects the pre­
exponential frequency factor of the penetration rate coefficient equation. 
The same pre-exponential frequency factor dependence was found for the 
wreight loss rate coefficient equations (see equations 2k and 25).
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3.24 x 10*4  
8.80 x 10"5 
1.23 x 10*4  
6.30 x 10*4
3.70 x 10"4
9.70 x 10"3 










2.28 x 10~3 




Weight Loss and Grain Boundary Penetration Data 
The following data have been used to obtain the results of this 
investigation:
Weight Loss Per Unit Surface Area 
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